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Natural Deep Eutectic solvents (NADES) are green, ionic solutions prepared by mixing vegetal 
cellular constituents. They are renewable and biodegradable solvents composed of hydrogen 
bonded donor and acceptor compounds. NADES have a wide range of applications, mainly as 
solvents for extraction of plants, biocatalysis, and nanoparticle synthesis. Water content is very 
critical, impacting significantly on NADES properties. Therefore, controlling H2O concentration 
appears essential for optimal use of NADES. In the present study, Attenuated Total Reflectance 
– infrared spectroscopy (ATR-IR) coupled to multivariate analysis, namely Partial Least Square 
s regression (PLSR), was investigated as a rapid, label free and cost-effective tool for measuring 
the water concentration of NADES. Betaine_Glycerol (BG), Choline Chloride_Glycerol (CCG) 
and Glucose_Glycerol (GG) were the selected model systems, each over a range of 
concentrations between 0% (w/w) and 40% (w/w). PLSR results demonstrate the robustness of 
the analysis, yielding R2 values of 0.99 and Root Mean Square Error of Cross Validation 
(RMSECV) of respectively 0.2602% w/w, 0.6883% w/w and 0.7034% w/w. Moreover, the % 
relative error achieved is below a 5% threshold, further highlighting the suitability of ATR-IR 
for water content monitoring. This preliminary work demonstrates the appropriateness of 
developing easily accessible analytical tools to support the development of green chemistry 
solvents, which currently represent a major focus of interest in both research and industrial 

















Natural Deep Eutectic Solvents (NADES) are considered to be a new generation of green ionic 
liquids, first introduced as solvents with unique properties in chemistry by Abbott et al. in 2003 
[2, 3, 4]. NADES are composed of a hydrogen bond acceptor (HBA), usually choline chloride or 
betaine, and a hydrogen-bonding donor (HBD), such as polyols (or polyalcohol). Their 
association forms a network of hydrogen bonds resulting in the lowering of the melting point of 
the solids mixture [5, 6]. 
NADES are prepared by mixing vegetal cellular constituents such as choline derivatives, sugars, 
amino acids or organic acids, ensuring renewability and biodegradability [6]. Moreover, their 
high solubilisation power, combined with their stabilising ability, make NADES perfect media 
for the sustainable promotion of vegetal biomasses [4]. Numerous references describe NADES 
as solvents for solid/liquid (S/L) extraction of plants [4, 6], mostly focusing on polyphenols and 
flavonoids. Also, in biocatalysis and nanoparticles synthesis [3], as functionalising agents [7]. 
NADES are also explored in many other fields like analytical chemistry [4], organic synthesis 
[8], and biotechnologies [9].  
The control of water content is a critical point when working with NADES, as it can affect 
different parameters. In fact, NADES are usually made of hygroscopic raw materials, like choline 
chloride or glycerol, and the water content could increase during the storage period of the 
NADES or the extract [5]. In addition, NADES properties could be tailored by adding a 
controlled amount of water, and, in order to ensure the reproducibility of the experiment, the 
actual water content should be quickly checked before use, especially after a period of storage 
[6, 10]. However, the major critical point is the control of residual water content after the freeze-
drying process used for NADES preparation [5]. There are different protocols described for water 
or moisture quantification [11], for example, gravimetric quantification by drying and weighing, 
which depends on the assumption that only water is removed in the drying process; in fact this is 
not a true measure of water content, with errors due to volatile loss of some compounds [11]. In 
addition, there is a bound water fraction, which is less prone to evaporation. Alternatively, Karl 
Fischer (KF) titration is a direct, specific and the commonly applied method of water 
quantification even for low moisture level [11]. KF has some practical drawbacks, including 
complicated sample preparation, use of toxic and costly chemical reagents and the time it takes 
to perform the analysis [12]. Considering these limitations, a simple and rapid water control 
method could be implemented as more robust and reliable alternative.  
Fourier Transform Infrared (FTIR) spectroscopy measures the absorption of incident IR radiation 
following interaction with the sample, enabling observation of vibrational modes [13]. FTIR 
spectroscopy is a well-established, non-destructive and label-free characterisation technique, 
enabling the collection of specific molecular fingerprints from samples. FTIR is a powerful 
technique, extensively used in analytical chemistry and pharmacy, routinely applied for 
characterisation and determination of functional groups of the samples, with the advantages of a 
relatively cheap, widely available and quick tool [14, 15]. The potential of IR spectroscopy to 
deliver reliable quantitative information has been demonstrated in the food industry, mainly in 
the quantification of essential oils [16, 17, 18, 19]. In the domain of clinical and biomedical 
sciences, there are several recent convincing studies relating monitoring of biomolecules in body 
fluids such as proteins, lipids and smaller biomarkers in human serum [20], or in the field of 
pharmaceuticals science with quantification of anticancer drugs in therapeutic solutions [21]. In 
addition, it is frequently employed for quantification of an active pharmaceutical ingredient in 
different pharmaceutical dosage forms, which are analysed with little or no sample preparation 
procedure and without any expensive toxic solvents and reagents [14]. Similarly, recent studies 
have demonstrated the detection and quantification of cosmetic ingredients in complex 
formulations [22, 23].  
Water is a strong IR absorber in the mid-infrared range, suggesting that its detection and 
quantification can be achieved from the IR spectra. Many examples of applications of FTIR for 
quantitative and qualitative assessment of water sorption in natural raw plant fibers [24], 
quantitative analysis of water in milk [25], onsite quantification of water in mineral based oil 
(turbine) [12] or for the routine quantitative determination of moisture in lubricants [26, 27] can 
be found in literature. References related to NADES rather report investigation of molecular 
mechanism such as the association between NADES and H2O molecules [3], structural study 
associated to the prediction of vibrational frequencies of NADES [2], or their thermal stability 
[28]. Therefore, the present study aims to demonstrate the capabilities of IR spectroscopy coupled 
to multivariate analysis for the rapid and accurate quantification of water in 3 representative, 
hydrophilic NADES systems, identified as Betaine/Glycerol (BG), Choline-Chloride/Glycerol 
(CCG) and Glucose/Glycerol (GG). Certain NADES display poor extraction yield due to their 
high viscosity, thus the low mater transfer into the solvent [6]. Adding water to the system has 
been reported to overcome this limitation with recent literature reporting water concentration up 
to 40-50% w/w, while concentrations around 25% w/w enable to reduce the viscosity while 
preserving optimal NADES properties [29]. In this context, the present study describes an 
application of ATR-IR for quantification of water in a relevant range of water content for these 
specific types of NADES. 
 
 2. Materials and methods 
2.1 Preparation of deep eutectic solvent  
2.1.1 Preparation of saturated solutions 
Anhydrous betaine (Acros Organics, 98%), choline chloride (Acros Organics, 99%) and α-D-
(+)-glucose (Acros Organics, >99%) and Glycerol (Fisher Scientfic, >99%) were purchased from 
Fisher Scientific SAS (French branch, Illkirch, France). Water was purified using a Milli-Q 
system (Millipore Corporation, Bedford, MA, USA). 
Reference spectra for glucose, betaine and choline chloride have been recorded from saturated 
solutions in order to have the compound in liquid forms (solutions) but with minimal contribution 
from the water. The saturated solutions were prepared by stirring water and adding an excess of 
the solute. After decantation, the supernatant was analysed by IR spectroscopy. 
 
2.1.2 Preparation of deep eutectic solvent 
The study was conducted on 3 different NADES commonly used for plant extraction (Table 1). 
The hydrogen-bonding donor (i.e. glycerol) was kept consistent, while 3 different hydrogen bond 
acceptors (betaine, choline chloride and glucose) have been used. Recent studies reported water 
concentration of 10% w/w for extraction of tannin with betaine-glycerol and choline-glycerol 
NADES [30]. For the choline chloride -glycerol NADES example can be found with up to 20% 
w/w of water to extract rutin [31]. Therefore, for the purpose of the study, a range of water 
concentrations has been prepared between 0 and 40% (w/w), with a 5% increment for a total of 
9 samples per NADES studied. Each eutectic mixture was prepared using by stirring the two 
components with the corresponding amount of water and heating the sample at 50 °C until a 
homogeneous colourless phase was formed [5]. Protocols used is based accepted and published 
literature in the field [6].  The samples prepared for IR are respectively listed in Table 2. For each 
sample, 2 sets were prepared and identified as Set_01 and Set_02. Spectral data collected from 
Set_01 are used for the calibration/validation of the quantitative model while the spectra from 
Set_02 are used solely as blind samples (see data handling section). Due to the stability of 
systems and time required to perform the full data collection, it has been preferred to perform IR 
analysis on 2 different sets of samples prepared on 2 different days, although prepared in the 
same range of concentrations and in identical conditions.   
Table 1. Summary of NADES analysed 
Designation Compound 1 Compound 2 Molar ratio 
BG Betaine Glycerol (1:8) 
CCG Choline Chloride Glycerol (1:2) 
GG Glucose Glycerol (1:3) 
 
                 2.2 Instruments and data analysis 
   2.2.1. ATR-FTIR  
IR spectra were acquired using a Frontier spectrometer (Perkin Elmer, France) equipped with a 
Quest single reflection diamond attenuated total reflectance (ATR) accessory (Specac, UK). The 
spectral range was set between 4000-400 cm-1 and the spectral resolution at 4 cm-1. Although 
glycerol can confer some viscosity to the samples, they behave as liquids easily and are easily 
deposited on the ATR crystal, ensuring full contact and coverage. Drops of 200 µL were 
deposited directly onto the diamond surface and spectroscopic measurements were performed 
without delay. Prior to sample measurement, a background spectrum was recorded in air (4 scans) 
and automatically ratioed with the sample spectrum (4 averaged scans) by the software. For each 
sample, 3 deposits have been measured and 3 spectra per drop have been collected. Ultimately, 
9 spectra were recorded from each sample, capturing the inter- and intra-variability during 
measurements. Spectra from pure compounds have also been collected using similar parameters. 
The entire operation including cleaning the ATR crystal, collection of background and collecting 
the IR spectrum from the sample takes less than 30 seconds.  
Table 2: Samples prepared for the 3 eutectic–water binary solvents and analysed by ATR-
IR. Water concentrations are given as % (w/w). 
Sample n° BG (% w/w) CCG (% w/w) GG (% w/w) 
 Set_01 Set_02 Set_01 Set_02 Set_01 Set_02 
1 0.00 0.00 0.00 0.00 0.00 0.00 
2 4.98 5.00 5.00 5.02 4.99 4.98 
3 9.96 9.98 9.93 9.92 9.94 9.95 
4 14.94 14.91 14.63 15.00 14.93 14.93 
5 20.00 19.96 19.96 19.94 19.76 19.92 
6 25.00 25.00 24.90 24.88 24.90 24.80 
7 29.94 30.06 30.15 29.94 29.82 29.88 
8 35.00 34.93 34.79 35.04 34.90 34.86 
9 39.14 39.92 39.92 39.88 39.76 39.88 
 
 2.2.2 Preprocessing and PLSR analysis 
Data pre-processing and analysis were performed using Matlab (Mathworks, USA). Considering 
the nature of the samples and in order to preserve a maximum of the quantitative information in 
the data, no processing has been applied before subjecting the spectra to Partial Least Squares 
Regression (PLSR) analysis [32]. The method has been implemented to provide an output giving 
an estimation of the robustness of the model in terms of precision (Root Mean Square Error Cross 
Validation – RMSECV), linearity between the experimental and predicted concentrations (R2) 
and accuracy (relative error of the predictive concentration compared to the true value, expressed 
as %). The statistical relevancy of quantitative analysis performed has been evaluated through 
cross validation procedures. The Leave K-Out Cross Validation (LOKCV) approach has been 
preferred, with 2/3 of samples used as calibration and 1/3 remaining as validation. Therefore, the 
procedure ensures repetitions from a given sample are not represented simultaneously in both 
calibration and validation. The random selection of samples allows a large number of possible 
combinations, and protocol of 100-fold iterations has been applied to provide an overall 
estimation of the reliability of the quantitative models (RMESCV and R2). Moreover, once the 
conformity of Set_01 was established, Set_02 was provided to the predictive models, as blind 
samples (test set). In this latter stage, the results have been interpreted based on the accuracy of 
the prediction expressed by means of the % relative error compare to the target concentration.     
 
3. Results and discussion 
3.1 Infrared characterization of compounds tested 
The present study investigates water quantification in 3 selected, representative, model NADES 
systems, limiting to 2 the number of organic molecular species found in the mixtures analysed. 
From the spectroscopy point of view, it implies spectral signatures will result from mixed 
contributions from H2O, glycerol and from either betaine, glucose or choline chloride (Figure 1), 
one of 3 hydrogen bond acceptors selected for this study.  
 
 
Figure 1: Chemical structures of organic compounds entering the NADES composition 
analysed  
 
In addition to water, the 3 binary eutectic systems presently studied share glycerol as one 
component, meaning some common features will be observed in the spectra. H2O is well known 
to strongly contribute to IR signatures collected from liquid samples, although, in the case that 
the solute is present at sufficient concentration, specific bands can be observed overlaying the 
dominant water background [33]. Interestingly, the present study is not focused on the detection 
of molecules solubilised in aqueous solution but aims to monitor and quantify the spectral 
variations in H2O bands.  
The IR spectrum of water is presented in figure 2, exhibiting two dominant features at ~3327 cm-
1 and ~1636 cm-1. While the 1636 cm-1 peak, assigned to scissoring bending, appears sharp with 
moderate intensity, the second feature at 3327 cm-1 is a broader band covering a spectral range 
from about 3000 cm-1 to 3700 cm-1. This is a result of a combined contribution of two overlapping 
vibrational modes corresponding to symmetrical and asymmetrical stretching of the H2O 
molecules, but also due to the intrinsic strength of stretching modes in IR spectra. Consequently, 
the intensity of the band also appears considerably greater. These bands can be further broadened 
and split due to the local environment of the water molecules [34, 35].  
 
Figure 2: FTIR spectrum and vibrational modes of water 
In general, IR spectra can be divided into the high wavenumber region (4000-2500 cm-1) and the 
fingerprint region (1800-900 cm-1), which are often analysed independently.    
 
Figure 3. Infrared spectra in the high wavenumber region of NADES system solutions: GG 
(A), BG (B), CCG (C); and saturated aqueous stock solution of glycerol (D), glucose (E), 
choline chloride (F), betaine (G). Spectra offset for clarity.  
 
Figure 3 presents the 4000-2500 cm-1 window of the reference IR spectra collected from saturated 
aqueous solutions of choline chloride, betaine, glucose and stock glycerol solution (respectively 
Figure 3–A, 3–B,3–C and 3–D). The highly concentrated solutions allow to record the ATR-IR 
spectra in the liquid form and thus to be compared to those of NADES solvents (Figure 3–E, 3–
F and 3–G). This region of the IR spectra is particularly affected by the contributions of the OH 
stretching of H2O, which overlap more or less with the OH, CH or NH stretching modes 
originating from the organic molecules studied here. For instance, the main differences observed 
in Figure 3 are modification of the broad band between 3700-3000 cm-1, which mostly reflects 
different water content between the reference solutions. Notably, glycerol solution (Figure 3–D) 
exhibits narrower bands in the range 3400-3200 cm-1 and CH stretching bands between 3000 and 
2800 cm-1, both suggesting that the water content is quite low. Spectra collected from NADES 
reflect mainly the presence of glycerol. Spectra presented are NADES with 0% water (w/w), and 
therefore the bands observed originate from either glycerol or betaine, Choline chloride, glucose. 
Only CCG displays a weak band at 3030 cm-1, assigned to choline chloride (Figure 3–F). 
Otherwise, neither betaine nor glucose have significant contributions in this spectral range. 
Although, the high wavenumber region is generally not considered as the most specific to identify 
compounds, the dominant contribution from the water to the OH stretching region could be quite 
relevant for the purpose of water quantification despite glycerol features overlapping.  
   
 
Figure 4. Infrared spectra in the fingerprint region of NADES system solutions: GG (A), 
BG (B), CCG (C); and saturated aqueous stock solution of glycerol (D), glucose (E), choline 
chloride (F), betaine (G). Spectra offset for clarity.  
 
Figure 4 presents the finger print region of the IR spectra. This region is usually considered to be 
the most molecularly-specific, due to the pronounced variations in spectral features derived from 
the molecular composition of samples. The spectral window 1500-950 cm-1 exhibits a number of 
features, assigned to C-C, C-O stretching and bending modes [36, 37, 38, 39]. However, the most 
relevant region for the purpose of this study if from 1550-1700 cm-1, in which the OH scissoring 
mode can be observed.  Interestingly, the absence of the band in the 1550-1700 cm-1 range for 
glycerol confirms that the stock solution contains a relatively small fraction of water, not 
detectable in this spectral region. Glucose does not have any vibrational mode active in the water 
region and therefore the band observed at 1640 cm-1 is solely attributed to angular deformation 
(scissor vibrational mode [25]) in water. Similar to glucose, choline chloride does not have any 
active vibrational mode in the 1700-1600 cm-1 region, and therefore the band observed at 1640 
cm-1 is solely attributed to the water scissor mode [25]). Although betaine (Figure 4–B) has 
features easily identified, the main difference to the other 3 signatures previously described is the 
change in shape and shift observed for the band at 1617 cm-1. The example of betaine is 
particularly interesting, due to the presence of the C=O stretching bond, which partially overlaps 
with the OH scissor of H2O. Spectra from NADES exhibit specific bands from both ingredients 
forming them. BG (Figure 4–E) has glycerol bands in the region of at 922, 1036, 1111 cm-1 in 
addition to specific features from betaine at 1335, 1394, 1419, 1454, 1474, 1494 cm-1. The band 
observed at 1617 cm-1 in the betaine spectrum is shifted to 1628 cm-1 and broadened in the BG 
system. In contrast, the bands of the other two constituent compounds do not strongly overlap 
with those of water. The CCG spectrum (Figure 4–F) show specific bands of choline chloride at 
952, 1084, 1416, 1478 cm-1. For GG (Figure 4–G) the 1150-950 cm-1 spectral range result from 
combined contributions from glucose and glycerol, both exhibiting a number of peaks with close 
or overlapping positions. Although the main bands for glucose at 1079 cm-1 cannot be observed, 
the weaker band at 1149 cm-1 can be observed (very weak). Critically, none of the spectra 




3.2 – Characterisation of spectral variability in NADES  
CCG NADES has been used as model to illustrate this section. However, similar observations 
can be made with GG and BG NADES. Figure 5 displays infrared spectra collected from CCG 
NADES within a range of water concentration systematically varied between 0% (w/w) and 40% 
(w/w). For clarity, only data within a 10% (w/w) increment are presented in the Figures. The 0% 
(w/w) CCG spectrum shows a single OH stretching peak at ~3300cm-1, and strong CH stretching 
contributions at ~2850 cm-1 and 2950 cm-1 mainly due to glycerol contribution. In addition, there 
is a weak band from choline chloride at 3090 cm-1. As the water/ CCG ratio in the mixture 
increases, the glycerol bands 2800-3000 cm-1 tend to decrease gradually and, while the band 
between 3000-3800 cm-1 becomes more intense, it also becomes less symmetric.  Moreover, the 
weak band from choline chloride at 3090 cm-1 become a weak shoulder and almost disappears in 
the highest concentration of water. All intensity, width and shape changes of the band in the 
region 3000-3800 cm-1 reflect changes in water content.      
 
Figure 5. Mean CCG infrared spectra in the high wavenumber region corresponding to 0% 
(Magenta), 10% (blue), 20% (yellow), 30% (green) and 40% (red) water expressed as % w/w. 
 
 
Figure 6. Mean CCG infrared spectra in the finger print region corresponding to 0% 




The fingerprint region is also strongly affected by modifications in water content, as illustrated 
in Figure 6. As expected, the water band at ~1640 cm-1 displays an inverse behaviour compared 
to the dominant CCG bands between 950-1150 cm-1. An isosbestic point is observed at ~1500 
cm-1, illustrating the changes in the equilibrium between CCG and water. The broad OH bending 
band is not only water- related, since its shape is affected by underlying contributions from the 
weaker features of glycerol between 1250-1500 cm-1. Consequently, constructing quantitative 
models using a single wavenumber or the area under the curve of the water band may not generate 
linear models (data not shown). While the high wavenumber region is dominated by water, the 
finger print region is more strongly influenced by combined contributions of the glycerol and 
choline chloride peaks. Thus, the 2 regions can be analysed in a complementary manner in order 
to deliver more accurate water quantification. 
 3.3 – Quantification of spectral variability in a NADES  
Multivariate analysis algorithms such as PLSR are powerful tools to quantitatively correlate 
spectral variability with concentration. The initial step is the selection of the number of 
dimensions to achieve the optimal predictive model. Figure 7 presents the plot of root mean 
square error cross validation (RMSECV) calculated from 20 iterations of the cross validation. 
The minimum RMSECV= 0.6623 % w/w is obtained using 4 latent variables. The low error bars 
suggest a high reproducibility in the measurements, as does the R2 value of 0.9979, which is a 
gauge of the reliability of the analysis (Figure 8). Additionally, an RMSECV of 0.6623 % w/w 
represents 3% of the median concentration (20% w/w) of the range tested, and as such is a good 
indicator of the predictive model precision.  
 
 Figure 7. Root mean square error of cross validation (RMSECV) for PLSR analysis 




Figure 8. PLSR Regression model obtained from the full spectral range of CCG spectra  
 
Multivariate analysis, and, for instance, the outcome of the quantitative analysis, can be impacted 
when only a restricted spectral range is selected. Table 3 summarises the results for the full range 
(FULL), the fingerprint (FP) and high wavenumber (HW) regions analysed independently, with 
Sets_01 (calibration sets) for the 3 NADES systems of this study. 
 
Table 3 Summary of PLSR - LKOCV results on calibration sets. RMSECV expressed as % 
(w/w), LV: number of latent variables. FULL: Full range, FP: fingerprint region and HW: high 
wavenumbers region.  
BG CCG GG 
RMSECV R2 LV RMSECV R2 LV RMSECV R2 LV 
FULL 0.2602 0.9994 5 0.8011 0.9970 4 0.8009 0.9954 4 
FP 0.3055 0.9995 4 0.6883 0.9978 4 0.9301 0.9948 4 
HW 0.2982 0.9996 7 0.8534 0.9963 8 0.7034 0.9971 4 
 
Overfitting of results should be avoided, keeping the optimal number of latent variables to a 
minimum. However, for some cases, the best RMSECV is reached with a higher number, as was 
found to be the case for BG (full range and high wavenumber region) and CCG (High 
wavenumber region), for which up to 8 were suggested based on PLSR outcome. All models 
display R2 values above 0.99, suggesting decent linear relationships between spectral features 
and water content, while the RMSECV differ substantially between BG, CCG and GG, with 
respective best results of 0.2602% (w/w), 0.6883% (w/w) and 0.7034% (w/w). Notably, however, 
the range of concentrations tested extends from 0% to 40% water (w/w), and therefore a 
RMSECV of 0.7034% (w/w) represents only 3.52% of the mean concentration of the range, 
suggesting the model remains reliable in all cases.  
It is observed that, despite the strong contribution of the water band in the high wavenumber 
region, the fingerprint can also strongly influence the predictive model. For the CCG system, for 
example, it is actually the fingerprint region that delivers the best RMSECV. As illustrated in 
figure 5, the modifications in the high wavenumber region are limited to changes in the OH 
stretching bandwidth, without pronounced increase of the overall absorbance that probably tends 
to decrease the PLSR specificity to construct the quantitative model.  
Regression coefficients obtained from PLSR analysis indicate the spectral features which 
contribute prominently to the predictive model (Figure 9). It is useful to understand the molecular 
information behind the PLSR analysis and for instance, the plot confirms the regression uses both 
the water and NADES bands. The water bands contribute positively, with clearly identified 
features centered on the 1643 cm-1 and 3500 cm-1 peaks, that seem to play a key role in the 
quantification of water. In addition, the regression co-efficients exhibit a number of spectral 
contributions from glycerol in all 3 models, with a strong intense band around 1025-1030 cm-1 
and weaker peaks on both sides around 1100 cm-1 and 975 cm-1. Specific bands for betaine can 
be observed at 1330 cm-1 and 1396 cm-1 (figure 9–A), while choline chloride strongly contributes 
at 953 cm-1 and 1475 cm-1 (figure 8–B). For glucose, the overlap with peaks originating from 
glycerol makes its detection more difficult (figure 9-C).    
The regression coefficients naturally reflect the inverse relationship between NADES and water 
content, and therefore it is not surprising to observe the main NADES bands (contributing 
negatively) as relevant spectral contributions. 
  
 
Figure 9: Regression coefficients from PLSR performed on BG (A), CCG (B) and GG (C). 
Spectra are offset for clarity. Dotted line indicates the zero baseline. 
 
3.4 – Evaluating predictive models with blind samples (Sets_02) 
To validate ATR-IR spectroscopy as a tool for quantification of water content in NADES, a 
second batch of samples (Set_02), prepared and analysed independently, has been used as blind 
samples. A technique should be reproducible, and while Set_01 can be used as calibration 
samples to construct the quantitative model in PLSR, independent test samples are important to 
estimate the accuracy of the measurements performed. Therefore, Table 5 gathers results for the 
3 NADES systems in terms of relative error % between the true concentration (prepared by 
weighing) and the predicted concentrations (estimated from spectra). Relative error is often used 
as a gauge for the quality of quantitative analysis (accuracy), defining a threshold as a criterion 
of acceptable results [40]. While, for example, the pharmaceutical field can be strict, there is not 
yet a standard protocol for water quantification NADES and it is therefore difficult to define a 
threshold to determine which results are satisfactory. Moreover, comparing the actual difference 
between the true and predicted concentrations gives another insight in the measurements 
accuracy and one could consider the 5% error as commonly accepted. Although the RMSECV 
can vary, depending on the spectral range used, it is observed that, for all 3 systems, the full range 
delivers the best accuracy. For betaine-glycerol, all blind samples are determined with less than 
5% relative error, using the full range for PLSR analysis. For choline-glycerol, 3 samples gave 
relative errors above 5%, although the mean relative error is found to be 4.0287% w/w. The min-
max value indicates relative error is between 0.82-9.71% w/w. The 9.71% relative error has been 
observed for sample 2, containing 5% water, corresponding to 0.486 % w/w compared to the true 
concentration. For the GG NADES system, only one sample has a relative error above 5%. It is 
sample 04, which yields a relative error of 11.16%, compared to the 15% w/w original water 
concentration prepared. This is an error in the prediction equal to 1.674% w/w. Considering the 
context and the application, the results displayed are quite encouraging to propose ATR-IR as a 
suitable tool for water quantification in the type of NADES reported in this study. They can be 
used with water concentration up to 20% w/w and therefore an error in quantification of roughly 
1% may be acceptable.     
 
Table 5 Summary of PLSR accuracy for BG NADES 
 
Table 6 Summary of PLSR accuracy for CCG NADES 
 




Relative Error % 
˂ 2.5% 2.5-5% 5-7.5% 7.5-10% ˃ 10% Mean  Min-max value  
Full range  7 1 - - - 1.955 1.31-3.08 
FP  4 3 1 - - 3.108 0.88-6.7 
HW  4 2 1 - 1 4.564 0.18-18.87 
 
Range  
Relative Error % 
˂ 2.5% 2.5-5% 5-7.5% 7.5-10% ˃ 10% Mean  Min-max value  
Full range  3 2 - 1 - 4.0287 0.82-9.71 
FP  2 2 3 - 1 6.791 1.89-25.37 
HW  1 2 4 - 1 5.75 0.38-14.55 
 
Range  
Relative Error % 
˂ 2.5% 2.5-5% 5-7.5% 7.5-10% ˃ 10% Mean  Min-max value  
Full range  4 3 - - 1 4.0812 0.74-11.16 
FP  3 2 1 - 2 4.78 0.07-11.54 
HW  1 3 1 1 2 5.2587 1.01-13.41 
4. Conclusion 
ATR-IR is a powerful analytical tool, combining molecular specificity and quantification. It is a 
suitable technique to analyse solutions without any sample preparation and in less than 1 minute. 
Combined with multivariate analysis techniques such as PLSR, ATR-IR enables rapid 
quantification of water content, as demonstrated for the case of 3 different NADES. With 
RMSECV values of 0.2602% (w/w), 0.6883% (w/w) and 0.7034% (w/w), respectively for 
betaine-glycerol, choline chloride-glycerol and glucose-glycerol NADES systems, PLSR models 
constructed from the full spectral range demonstrate the technique is reliable. Moreover, over the 
3 sets of blind samples, mean relative error below 5% w/w was achieved, further enhancing the 
argument for ATR-IR as a suitable tool in NADES water content monitoring. Nowadays, plant 
extracts represent a substantial economical and potentially health high stakes, which demands 
suitable analytical tools for efficient implementation and maximised benefits. This preliminary 
study highlights the potential of ATR-IR to support the establishment of green chemistry 
protocols in cosmetic and pharmaceutical fields, helping to optimise processes of extraction and 
purification of active molecules.     
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